Ni-45Cr coating was plasma sprayed at different spray distances in order to clarify the influence of spray distance on the mechanical properties. The mechanical properties of Ni-45Cr coatings include the fracture toughness, elastic modulus and Poisson's ratio parallel to lamellar plane. The fracture toughness of plasma-sprayed Ni-45Cr coating in terms of critical strain energy release rate (G Ic ) was investigated using a tapered double cantilever beam approach. The elastic modulus and Poisson's ratio parallel to lamellar plane were obtained by measuring the relation of stress and strain using strain gauges. It was found that the fracture toughness of plasma sprayed Ni-45Cr coatings was not significantly influenced by spray distance up to 190 mm and further increase in spray distance to 210 mm resulted in an evident decrease in the fracture toughness of the coatings. Moreover, spray distance showed minor effect on the elastic modulus and Poisson's ratio parallel to lamellar plane of Ni-45Cr coating. The examination of fractured surface revealed that the fracture toughness of plasma-sprayed Ni-45Cr coatings is related with the lamellar bonding.
Introduction
Thermal spray coatings can be effectively used to provide protection of materials from wear, erosion, corrosion etc. The components used under a high temperature condition, for example boiler tubes in the boiler, are generally subjected to the severe corrosion by sulfur and vanadium. For such high temperature corrosion, Ni-Cr alloy which contains chromium over 20% presents excellent corrosion resistance. [1] [2] [3] Accordingly, thermal sprayed Ni-Cr coatings can be used to protect components in high temperature plants.
On the other hand, Ni-Cr coating must have satisfactory mechanical properties to ensure the sufficient adhesion together with wear and erosion resistances. Among all failure modes of components, fracture is the most dangerous one and may result in safety accident and economic loss. The coating should thus have a necessary fracture toughness to ensure its operation. Berndt et al. 4) reported a fracture toughness of 604 J/m 2 for a plasma-sprayed Ni-Al coating. However, no any data was found for Ni-Cr alloy coating.
In addition, elastic modulus and Poisson's ratio of thermally sprayed coatings are basic mechanical parameters influencing their mechanical performance, for example, coating delamination, 5) cracking 6) and bending 7, 8) etc. Kuroda et al. 9) presented a Young's modulus of about 90 GPa for plasma-sprayed Ni-20Cr coating, which is about one-third that of bulk materials. With regard to the Poisson's ratio of plasma-sprayed coating, McPherson et al. 10) reported that plasma-sprayed alumina coating had a value much less than sintered bulk. However, there were few papers dealt with elastic properties of plasma-sprayed metallic coatings. As a result, it is not well understood how the elastic properties of plasma-sprayed metallic coating change with spray condition and in comparison of identical bulk materials. On the other hand, spray distance is a typical parameter to alter spray particle velocity and temperature. Therefore, in the present investigation, fracture toughness, elastic modulus and Poisson's ratio as the typical mechanical parameters of Ni-Cr coating deposited under different spray distances were studied to examine the change of those fundamental mechanical properties with spray conditions.
Experimental Procedures

Materials and coating deposition
Commercially available Ni-45Cr powder with a particle size range from 45 to 105 mm was used for coating deposition. Mild steel was employed as a substrate. The Ni45Cr coating was deposited on the grit-blasted substrate surface using a commercial plasma spraying system (GP-80, JIUJIANG, 80 kW). Argon was used as the primary plasma operating gas and hydrogen was used as the auxiliary gas. The working pressure for argon and hydrogen was 0.7 MPa and 0.4 MPa, respectively. The flow of the primary gas was fixed at 47.1 L/min, and the flow of the auxiliary gas was 10.5 L/min. Nitrogen was used as powder feeding gas. Arc current and voltage were 500 A and 60 V, respectively. During spraying, the gun, which was held horizontally, traversed back and forth across sample surface with a step of 5 mm. The deposition of the coatings was performed by keeping all parameters fixed except only changing spray distance (130, 160, 190 and 210 mm).
Fracture toughness test
Fracture toughness of plasma sprayed Ni-45Cr coatings was measured by the TDCB (Tapered Double Cantilever Beam) method. The dimensions of specimen were shown in Fig. 1 . The details about the method have been given elsewhere, [11] [12] [13] therefore, only a simple introduction was given as follows.
According to the theory of fracture mechanics, G Ic is in direct proportion to the square of the critical load at which fracture occurs, and differential of compliance with crack length @C=@a, when using a double cantilever beam (DCB) method to test the critical strain energy release rate. Here, C denotes the compliance of specimen at the point where load is applied, and a denotes the crack length. On the other hand, G Ic is inversely proportional to the crack width. After the dimensions of DCB specimen were determined, G Ic is a function of @C=@a, i.e. a function of crack length. With the standard uniform DCB specimen it is difficult to obtain an accurate fracture toughness value for a thermal spray coating because the compliance of the specimen varies nonlinearly with crack length.
14-18) Mostovoy 15) designed a contoured double cantilever beam (CDCB) specimen to have the relation @C=@a ¼ constant. Correspondingly, for a given specimen, G Ic is only related with the critical load. However, the contoured beam of the CDCB specimen is difficult for machining. Based on the CDCB specimen, a tapered CDCB specimen, simplified as TDCB specimen, was proposed. The design of specimen allows the fracture toughness be measured simply using the critical fracture load disregarding crack length. Previous studies [11] [12] [13] showed that the TDCB approach is a feasible and reliable method to determine the critical strain energy release rate of plasma-sprayed coatings.
In the experiment, Ni-45Cr powder was plasma sprayed onto one grit-blasted arm to a thickness of 500-700 mm. The coated arm and an uncoated arm but grit-blasted were bonded together to form a TDCB specimen using commercial adhesive (E-7 type, Shanghai Research Institute of Synthetic Resins, China). The E-7 adhesive was cured by heating up to 100 C for 3 h. During bonding, the arms were initially separated by a polyethylene film without glutinosity in order to limit the bonding of coating to the coupling TDCB arm. Accordingly, a pre-crack of 10-12 mm long with respect to the loading point was formed. In the experiment, more than six specimens were prepared simultaneously under each spray condition. An Instron 1195 type tensile tester (Load Cells 1 N-100 kN, Crosshead Speed Range 0.05-50 mm/ min) was used to perform the tensile test at a crosshead speed of 5 Â 10 À5 m/min following the ASTM-E-399 standard. After specimen failure, the fracture surfaces were examined to determine the nature of cracking. Only cracking occurred in coating was considered valid, whose critical load was used to determine the fracture toughness.
Elastic modulus and poisson's ratio test
Ni-45Cr coatings were prepared by plasma spraying onto mild steel to a thickness of approximately 1.5 mm for measuring the elastic parameters from the direction parallel to the lamellar plane. A bar specimen with a dimension of 45 Â 5 Â 1:2 mm was prepared through cutting the peeledoff coating from the substrate. The as-sprayed coating surface was slightly ground to ensure uniform coating thickness. Four strain gauges (BE120-05AA type, Zhonghang Electronic Measurement Instrument Co. Ltd.) were attached to the bar specimen (shown in Fig. 2 ) to measure the strain of Ni-45Cr coating when the coating was under tensile loading. The dimensions of the gauge backing were 3:0 Â 2:6 mm and those of sensitive grids were 0:5 Â 1:2 mm in size. The sensitive grids have a sensitivity coefficient of 1.90. Two gauges were employed to measure the longitudinal strain on opposite sides of the bar, and the other two were used to measure transverse strain on adjacent sides. A dummy strain gauge was also attached to another piece of coating detached from a substrate for temperature compensation.
For the measurement of stress-strain curve of Ni-45Cr coatings, three specimens were prepared under each spray condition. The specimen was loaded in tension step by step using Instron 1195 tensile tester. The increment of the loading was 0.1 kN for the bar specimen. The longitudinal and transverse strains were recorded simultaneously with load by CM-1A-10 type static strain tester (Beidaihe Electronic Instrument Factory). The stress-strain curve was fitted by linear relation through the least-squares fit method, and the slope of the fitted line is equal to elastic modulus. Correspondingly, the slope of the fitted line with the curve of transverse strain and longitudinal strain is the measured Poisson's ratio. According to GB 8653-88, loading points more than eight were used for the linear fitting for the measurement of elastic parameters of materials. In addition, according to the same standard, only when the slope variation ratio is lower than 2%, the elastic modulus or the Poisson's ratio obtained through the slope of fitted line is valid. The slope variation ratio is expressed as
Where
, k is the number of stress versus strain, stress and " strain under the corresponding stress.
Experimental Results and Discussion
Effect of spray distance on the fracture toughness of
plasma sprayed Ni-45Cr coatings The fracture toughness of Ni-45Cr coatings plasma sprayed by different spray distances was shown in Fig. 3 . When the spray distance was 130 mm, the mean fracture toughness was 330 J/m 2 . With the increase of spray distance, the fracture toughness tended to increase and reached to the maximum at spray distance of 190 mm. However, fracture toughness decreased evidently at the spray distance of 210 mm. The fracture toughness of Ni-45Cr coatings has not been reported previously. Berndt et al. 4) reported a fracture toughness of 604 AE 108 J/m 2 for NiAl coatings, which was larger than that of Ni-45Cr coatings. Possibly the larger fracture toughness of NiAl coatings was the result of the exothermic reaction of NiAl to form an intermetallic compound during spraying, which has an additional heating effect on spray particles. Effect of Spray Distance on the Mechanical Properties of Plasma Sprayed Ni-45Cr Coatings 1645 Figure 4 shows the typical fractured surface morphologies of plasma-sprayed Ni-45Cr coatings at spray distance of 130, 160, 190 and 210 mm, respectively. The examination of fractured surfaces revealed that most fractured surface areas present smooth morphology, which is similar to the morphology of the as-sprayed coating surface. This implies that there exists a great deal of non-bonded area 19, 20) between the lamellae in the coatings. Through examining the microstructure of plasma sprayed ceramic coatings using transmission electron microscopy (TEM), McPherson et al. 21) underlined the existence of inter-lamellar voids between lamellae. Previous studies 19, 20, 22) also revealed the existence of such voids between lamellae by the distribution of copper electroplated into plasma-sprayed alumina coatings. In addition, from the typical microstructures of Ni-45Cr coating shown in Fig. 5 , it was found that unlike ceramic coatings, there is no micro-cracking in the lamellae of Ni-45Cr coatings which resulted from the release of quenching stress. Therefore, crack is preferable to propagate along the nonbonded interface area between lamellae in the coating. This fact has already been pointed out by previous investigation. 4) When cracks propagate through the bonded areas, the corresponding coarse fractured surface is kept down. Therefore, it can be considered that the fracture through the bonded interface area between lamellar in the coating contributes primarily to the fracture toughness of the coating.
In examination of typical fractured surfaces of Ni-45Cr coatings it can be found that there appeared a more fraction of smooth areas and less coarse areas on the fractured surface of the coating deposited at spray distance of 210 mm. This is possibly due to the fact that the lamellar bonding ratio (the ratio of the total bonded area to the total apparent interface area) of Ni-45Cr coatings deposited at spray distance of 210 mm is lower than that of coatings deposited at 130, 160 and 190 mm. Correspondingly, cracking needs less energy to propagate across the bonding area of Ni-45Cr coatings sprayed at 210 mm. Accordingly, the fracture toughness of coatings at 210 mm is lower than that of coatings deposited at other spray distance within the present range. The fracture toughness is associated with the lamellar bonding ratio.
A thermally sprayed deposit is formed by a stream of molten droplets impacting on the substrate followed by flattening, rapid solidification, and cooling processes. The individual molten droplets spread to thin lamellae, the stacking of which constitutes the deposit. A thermally sprayed deposit is generally of lamellar structure. The dimensions of interlamellar voids in the deposits, i.e. threedimensional type, two-dimensional type and microcrack type are different from the spherical voids in the porous dense materials. Therefore, the conventional relationship between mechanical properties with porosity for porous materials cannot be applied to thermally sprayed coatings. 23) In addition, previous studies 13, 24) have revealed that the fracture toughness of a thermal spray coating is dominated by lamellar bonding. The relationship between fracture toughness and lamellar bonding was further illustrated by Ni-45Cr coatings in the present study.
3.2 Effect of spray distance on the elastic parameters of plasma sprayed Ni-45Cr coatings The stress-strain curve and the transverse-longitudinal strain curve under the tensile stress along the direction parallel to the lamellar plane are shown in Fig. 6 . It was found that relationship between stress-strain and transverselongitudinal strain was nearly linear with slope variation ratio lower than 2%. Through linear fitting of curves, the elastic moduli and Poisson's ratios of coatings were obtained. Effect of spray distance on the elastic modulus measured from the direction parallel to the lamellar plane is shown in Fig. 7 . When spray distance was 130 mm, the elastic modulus was 91.8 GPa. As spray distance was increased, the elastic modulus showed only a little decreasing tendency. It can be found that spray distance has no significant effect on the moduli measured from the direction parallel to lamellar plane. Figure 8 shows the influence of spray distance on the Poisson's ratio. It was also found that the Poisson's ratios do not change significantly with spray distance. The coating yielded a Poisson's ratio of about 0.15, which is much less than metallic bulk materials.
A thermally sprayed coating is formed by a stream of molten or softened droplets impacting on a substrate followed by flattening, rapid cooling and solidification process. The individual molten droplet spreads to form a thin lamella which stacks together to constitute a coating. The existence of non-bonded interfaces between lamellae lowers apparent elastic modulus of the coating. Moreover, since the lamellae interlock each other resulting in a frictional force between them under loading, such friction effect probably influences the effective modulus as suggested by McPherson et al. 
Conclusions
The effect of spray distance on the fracture toughness, elastic modulus parallel to the lamellar plane and Poisson' ratio were investigated. The fracture toughness was measured using a Tapered Double Cantilever Beam (TDCB) approach. The elastic parameters, including elastic modulus and Poisson's ratio, were obtained through direct tensile tests of bar specimens.
It was found that when spray distance ranged from 160 mm to 190 mm, the fracture toughness of plasma sprayed Ni-45Cr coatings changes little although the coating deposited at spray distance of 130 mm presented a little lower fracture toughness. Moreover, the fracture toughness showed a significant drop as the coating was deposited at spray distance of 210 mm. It was suggested that the fracture toughness is related with the lamellar bonding ratio based on examination of fractured surface morphology of the coatings deposited at different spray distances. On the other hand, the spray distance has no evident influence on the elastic modulus and Poisson's ratio of plasma sprayed Ni-45Cr coatings. Effect of Spray Distance on the Mechanical Properties of Plasma Sprayed Ni-45Cr Coatings
